Abstract While androgen ablation remains a mainstay for advanced prostate cancer therapy, nearly all patients will inevitably develop disease escape with time. Upon the development of castration-resistant prostate cancer, other androgenaxis-targeted treatments may be added in an effort to starve the disease of its androgen signaling. Nevertheless, additional androgen-pathway resistance usually develops to these novel hormonal therapies. In this review, we will discuss the resistance mechanisms to modern androgen-axis modulators and how these alterations can influence a patient's response to novel hormonal therapy. We conceptualize these resistance pathways as three broad categories: (1) reactivation of androgen/AR-signaling, (2) AR bypass pathways, and (3) androgen/AR-independent mechanisms. We highlight examples of each, as well as potential therapeutic approaches to overcome these resistance mechanisms.
Introduction
Prostate adenocarcinoma afflicts one in six American men over the course of their lifetime and is the second leading cause of cancer-related deaths in US males behind lung cancer [1] . In a cohort of 790 men with metastatic prostate cancer, a landmark trial demonstrated that the combination of hormonal therapy plus docetaxel chemotherapy increased overall survival compared to hormonal therapy alone [2] . However, even with this extended benefit from first-line chemo-hormonal treatment, most prostate cancer patients eventually progress and require treatment with additional second-line hormonal therapy.
Abiraterone acetate and enzalutamide were approved by the FDA in 2011 and 2012, respectively, for the treatment of men with CRPC. Abiraterone blocks extra-gonadal androgen biosynthesis by selectively inhibiting CYP17A1 [3] , while enzalutamide directly antagonizes the AR and diminishes AR-signaling [4] . While many patients benefit from these drugs, some men exhibit primary resistance and nearly all eventually develop secondary resistance. The mechanisms underlying this resistance were poorly understood until recently and now are beginning to be elucidated. In this review, we will outline the underlying biology that determines sensitivity or resistance to these modern therapies. We would hope that this review might stimulate new therapeutic combinations to prevent cross-resistance and inspire innovation in the field.
Rediscovering Androgen Receptor Biology
Prostate cancer is an AR-addicted disease whose development and proliferation strongly rely on adequate AR-signaling. Notwithstanding several unique distinctions, AR shares many commonalities with other steroid hormone receptors in its mechanism of action. Unliganded AR primarily resides in the cytoplasm until ligand-binding triggers its translocation to the nucleus by way of a conformational change in the receptor that liberates it from chaperone heat shock proteins [5] . AR subsequently dimerizes via N/C-terminal interactions, namely the interaction of activation function 2 (AF2) of AR-LBD with the NTD [6, 7] . Agonist-bound AR also undergoes phosphorylation at several sites prior to nuclear translocation, including S81 in the NTD (the most highly phosphorylated residue on AR) and S650 in the hinge region [5, 8] . Prostate cancer cell growth is limited in the absence of S81 phosphorylation, and specific S81 phosphorylation by CDK9 regulates AR transcriptional activity [8] . Once inside the nucleus, dimerized AR recognizes and binds to AREs in the promoter or enhancer region of target genes using two zinc fingers, which then stimulates growth, survival, and differentiation of prostate cancer cells [5] [6] [7] . Additional interactions with coactivators and corepressors serve to further facilitate or inhibit transcription of these target genes. While agonist-bound AR recruits coactivators that amplify the transcription signal when AR binds to DNA, antagonist-bound AR recruits a complex of corepressors that attenuates the same signal [5] .
AR amplification and gene mutations significantly contribute to the emergence of CRPC and disease progression. The AR gene is located on the human X chromosome and contains eight canonical exons: exon 1 encodes the NTD, exons 2-3 encode the DBD, and exons 4-8 encode the C-terminal LBD of the AR-FL protein [5] [6] [7] . AR-DBD comprises considerable homology with the DBD of the GR and the PR, all of which may share common gene targets [7, 9••] . AR also contains a hinge region lying between its DBD and LBD, and this hinge region surrounds a nuclear localization signal with the DBD [6] . The structure of the AR-LBD strongly resembles that of many other steroid hormone receptors. The ligand-binding pocket is formed by the folding of 12 helices in the Cterminal and is subject to conformational changes dependent on ligand-binding [5] . Point mutations in the LBD can thus alter the normal function of the AR, broadening the number of ligands that can bind the LBD [10] . The W742L/W742C mutations, for instance, are linked to bicalutamide resistance, while F877L and T878A mutations have been associated with resistance to novel androgen-directed therapies enzalutamide and abiraterone, respectively [10-13, 14•, 15] .
The remainder of this review will discuss specific mechanisms related to clinical androgen-pathway drug-resistance. These resistance mechanisms can be broadly divided into three classes: (1) persistent androgen/AR-signaling, (2) AR bypass pathways, and (3) androgen/AR-independent mechanisms ( Fig. 1) .
Upregulation of Androgen-Synthetic Enzymes
Recent studies have shown that upregulation of enzymes in the androgen synthesis pathway contributes to castrationresistance as well as abiraterone-and enzalutamide-resistance. Extra-gonadal androgen synthesis may occur in the adrenal glands, as well as intratumorally, through upregulation of 3β-hydroxysteroid dehydrogenase (3βHSD), steroid-5α-reductase (SRD5A), and 17β-hydroxysteroid dehydrogenase (17βHSD) [16, 17] . 17α-hydroxylase/17,20-lyase (CYP17A1) itself, the target of abiraterone, has also been shown to be upregulated in prostate cancer patients receiving androgen-axis modulators [16] . Though Salvi et al. [18] demonstrated that AR gene gain in cfDNA had a prognostic effect on PFS in men receiving abiraterone, CYP17A1 gene gain also played a crucial role. Patients with CYP17A1 gain had a median PFS of 2.8 months on abiraterone, while those without such gene gain had a median PFS of 9.2 months [18] . These clinical data suggest that men with copy number gains in the CYP17A1 gene may be less sensitive to abiraterone.
Another androgen-synthetic enzyme that has been implicated in novel hormonal therapy resistance is aldo-keto reductase 1C3 (AKR1C3). This enzyme is responsible for the conversion of Δ 4 -androstene-3,17-dione to testosterone, and 5α-androstanedione to DHT [19] . Intratumoral upregulation of AKR1C3 has been shown to mediate resistance to both enzalutamide and abiraterone in prostate cancer patients, with this enzyme's ability to convert low levels of circulating androgens into potent AR agonists [20, 21] . Although indomethacin is known to be a weak inhibitor of AKR1C3, the search is on to identify additional more specific AKR1C3 inhibitors for clinical development. In addition, a gain-of-function mutation in the 3βHSD1 gene (N367T) has recently been discovered [22] . This mutation renders 3βHSD1 resistant to ubiquitination and degradation, leading to profound intracellular accumulation of the enzyme and increased levels of DHT [22] . Increased 3βHSD1 activity has been associated with resistance to first-line androgen deprivation therapy, and may even be a mechanism of abiraterone resistance [17, 23] .
Notably, there may be promise in new compounds that can antagonize multiple parts of the androgen-axis. A metabolite of abiraterone, called Δ 4 -abiraterone (D4A), was recently shown to be more potent than abiraterone in vitro [16] . With a chemical structure similar to testosterone, D4A can antagonize the AR directly, in addition to inhibiting CYP17A1, 3βHSD, and SRD5A [16] . Whether D4A will be developed into a clinical drug entity is unclear at this time, but remains of great interest. Galeterone, another CYP17A1 inhibitor, has moved from the lab into the clinic and is currently under investigation in a phase III clinical trial (NCT02438007; Table 1 ). This compound may have activity against both AR and AR-Vs due to its ability to trigger E3 ubiquitin ligase function and degrade all forms of the AR protein [24] . An analog of galeterone, VNPT55, may also prove more effective in targeting the multitude of androgen-axis resistance pathways [24] .
Androgen Receptor Amplification
Prostate cancer cells remain responsive to and dependent on androgen-axis signaling, even in the castration-resistant setting [5] . While a temporary halt in disease progression is often observed when these cells are deprived of androgen, ARsignaling adaptations inevitably ensue in response to the selective pressures [5, 25] . One such adaptation is AR gene (and protein) amplification to increase sensitivity to circulating and intratumoral androgens. This heightened sensitivity enables prostate cancer cells to thrive under otherwise limiting conditions [5] . In a study designed to assess the prevalence of AR amplification, Zhang et al. [25] obtained tumor biopsy specimens from 37 patients developing castration-resistant disease, Fig. 1 Signaling pathways implicated in resistance to novel androgen/ AR-directed therapies. These resistance mechanisms are conceptualized in three broad categories: (1) reactivation of androgen/AR-signaling leading to persistent AR-signaling, (2) AR bypass pathways leading to activation of androgen-regulated genes by alternative steroid receptors, and (3) a large number of androgen/AR-independent pathways determined AR amplification by FISH analysis, and confirmed the link between AR gene amplification and prostate cancer progression. A clinically significant finding of this study is that patients with AR gene amplification also exhibited increased levels of AR protein, and PFS in these patients was shorter than in patients with normal AR copy numbers, illustrating the significance of AR gene amplification and overexpression in the development of CRPC [25] .
AR amplification can also be linked with resistance to enzalutamide and abiraterone. Though not associated with HSPC, AR copy number gain often indicates disease progression in patients with CRPC and is correlated with poor . Interestingly, however, a previous study exhibited that bone marrow-specific nuclear AR expression, as well as CYP17A1 expression, was correlated with benefit to enzalutamide therapy [26] . More recently, enzalutamide was shown to trigger a subcellular nuclear-tocytoplasmic shift of AR, thereby suppressing AR-signaling, but also inducing an adaptive feedback mechanism in which testosterone levels are increased in the bone marrow [26] . Combined therapy that directly and indirectly inhibits ARsignaling through AR antagonism and androgen biosynthesis inhibition could evade this feedback mechanism and improve therapeutic efficacy in some CRPC patients.
In the setting of abiraterone, Carreira et al. [10] observed AR copy number gain in 35 and 37 % of CRPC liquid and tumor biopsy samples, respectively, compared to only in 6 % of precastration samples. Moreover, AR copy number gain was associated with resistance to abiraterone [10] . Similarly, Salvi et al. [18] evaluated AR copy number variations (CNVs) in cfDNA from 53 CRPC patients prior to receiving abiraterone, 16 of which exhibited AR gain. Ten (62.5 %) of those 16 patients exhibited early progression on abiraterone, also suggesting that AR CNVs may predict abiraterone resistance [18] . Likewise, abiraterone-naïve patients with AR gain have been reported to be 4.9 times less likely to have a ≥50 % PSA reduction and also exhibit significantly worse PFS and OS than patients without CNVs [15] . Salvi et al. [18] concordantly found that AR amplification remained predictive of both PFS and OS, as patients with AR gene gain had PFS 3.4 times shorter and OS more than fourfold shorter than patients expressing normal AR copy numbers. Notably, a recent study showed that AR copy number at progression on abiraterone remains relatively unchanged from baseline, suggesting that abiraterone resistance in patients expressing normal AR copy numbers may be explained by other mechanisms [15] .
Androgen Receptor Point Mutations
Another way the AR-signaling axis can be rescued in prostate cancer is via point mutations in the LBD that develop in response to treatment with specific antiandrogens. These mutations alter the steric and chemical properties of the ligandbinding pocket, thus conferring AR agonistic activity to alternative ligands and former AR antagonists [5, 27, 28] . Numerous studies have confirmed the importance of these mutations in patients receiving novel hormonal therapies.
For example, the L702H point mutation converts AR to a glucocorticoid-activated phenotype, while T878A renders AR progesterone-responsive [10, 27, 28] . L702H often mediates resistance to abiraterone treatment due to the fact that abiraterone is given together with corticosteroids, which can agonize this mutated AR [10, 15] . Similarly, T878A allows for abiraterone resistance since abiraterone inhibits CYP17A1, resulting in an increase in upstream steroids (i.e., progestins) [29] .
F877L also appears to mediate resistance to enzalutamide and apalutamide (ARN-509) [10, 12, 13, 14•, 30] . This mutation transforms enzalutamide and apalutamide into AR agonists, and also maintains the AR's sensitivity to androgens. F877L is probably more relevant as an acquired (rather than a primary) mechanism of resistance to enzalutamide/apalutamide and is found in <10 % of patients at the time of progression on these agents [30] .
A novel antiandrogen, ODM-201, has been shown to antagonize AR even with the F877L and T878A mutations in preclinical studies [31] . These data, combined with the drug's promising phase II clinical results [32] , have led to a phase III study using this compound in non-metastatic castration-resistant men (NCT02200614; Table 1 ). ODM-201's lower risk of seizures and activity against mutant AR may help improve its chances for FDA approval in an ever-crowded antiandrogen market.
Androgen Receptor Splice Variants
Constitutively active AR-Vs contribute yet another mechanism of resistance to novel hormonal therapies, as these truncated molecules have been shown to regulate transcription in an androgen-independent fashion [33] . Upward of 20 AR-Vs have been identified to date [34••] , some whose function has been well elucidated, others whose role in advanced prostate cancer remains obscure. AR-Vs usually result from cryptic exon insertions downstream of DBD coding regions or (much more rarely in humans) from deletion of LBD-coding regions [33] . ADT enhances the rate of AR gene transcription and recruitment of critical splicing factors to AR pre-mRNAs, which can result in increased expression of AR-V mRNA and protein [35] . An inverse relationship between canonical AR-FL signaling and AR-V expression has previously been shown [36] : inhibition of AR-FL signaling corresponded with increased expression of AR-Vs in vitro, whereas AR-Vs were not overexpressed during normal AR-FL signaling. Compared to levels in HSPC, AR-V1 and AR-V7 levels have been shown to be increased >20-fold in CRPC [33] . These AR-Vs may serve as transcription factors for enhanced expression of cell-cycle genes, while AR-FL signaling may preferentially activate transcription of genes involved in biosynthesis, cellular metabolism, and differentiation [36] . Most notably, Hu et al. [36] demonstrated a correlation between AR-V7 (and AR V567es ) overexpression and upregulation of the cell-cycle gene UBE2C in CRPC patient specimens. Other studies have shown that AR V567es is upregulated in the castration setting, promotes expression and activity of AR-FL, activates a gene set distinct from AR-FL, and is associated with increased nuclear localization of AR and shorter survival [37, 38] .
AR-V7 in particular has emerged as an important biomarker, yielding insights into disease prognosis and response to novel hormonal agents. Retrospective studies of human bone and prostate biopsies suggest inferior clinical outcomes for CRPC patients overexpressing AR-V7 [38, 39] . Another study showed that AR-V7 was upregulated in 429 prostate cancer biopsy specimens, and increased nuclear expression of AR-V7 was associated with higher risk of disease recurrence following radical prostatectomy [40] . To support this idea of AR-V7 driven progression, knockdown of AR-V7 resulted in a weakened propensity for prostate cancer cell growth [40] .
Recent prospective studies have shown that using AR-V7 as a prognostic marker is feasible in the setting of novel hormonal therapy. A myriad of data bolster AR-V7 status as an independent predictive factor in disease development and progression, and as a marker of resistance to enzalutamide and abiraterone. In an early study collecting bone marrow specimens from men embarking on enzalutamide treatment, patients with high levels of pre-treatment androgen signaling demonstrated clinical benefit, while AR-V7 positivity (using immunohistochemistry) was associated with primary resistance [26] . These findings were corroborated by a study from Antonarakis et al. [41••] in 62 mCRPC patients (31 treated with enzalutamide, 31 treated with abiraterone) analyzing baseline CTC-derived AR-V7 status as a predictor of response or resistance to these therapies. Notably, >50 % of patients pre-treated with abiraterone and/or enzalutamide were AR-V7-positive as indicated by the CTC-based RT-PCR assay, whereas <15 % of abiraterone-naïve and enzalutamide-naïve patients were found to express AR-V7 [41••] . Men receiving abiraterone or enzalutamide who were positive for AR-V7 had no PSA responses, shorter clinical or radiographic PFS, and shorter OS than their AR-V7 negative counterparts [41••] . Interestingly, AR-V7 negative to positive conversions were noted in four patients receiving enzalutamide and in two patients receiving abiraterone: these men had intermediate clinical outcomes [41••] . In a third study, Steinestel et al. [42] showed that AR-V7 positivity in CTCs most likely emerges under selective therapeutic pressures and is associated with the absolute number of prior hormonal therapies received. That study also showed inferior clinical outcomes to abiraterone and enzalutamide in AR-V7-positive compared to AR-V7-negative men [42] . Of note, no ADT-naïve patient had detectable levels of AR-V7 in their CTCs, supporting the idea that AR-V7 expression may be an adaptive response to first-line and novel androgen-axis therapies.
AR-V7 status has also become an important biomarker in the setting of chemotherapy. Though AR-V7 positivity in CTCs is linked to enzalutamide and abiraterone resistance, taxane chemotherapy may remain an effective therapeutic alternative in these patients. PSA responses have been observed in taxane-treated patients irrespective of AR-V7 status and prior treatment with second-line androgen-axis therapies [43] [44] [45] , and treatment with cabazitaxel in particular does not appear to be influenced by AR-V7 status [44] . In post hoc analyses, AR-V7-positive men treated with taxane chemotherapy exhibit superior clinical outcomes to those treated with enzalutamide or abiraterone [43] . Interestingly, the authors reported that only one AR-V7-negative patient converted to AR-V7-positive while receiving taxane chemotherapy, whereas nearly 50 % of AR-V7-positive patients became AR-V7-negative during taxane treatment [43] . This phenomenon may be due to conversion from CTC-positive to CTC-negative. Nakazawa et al. [45] also observed conversions from AR-V7-negative to positive status in men treated with ARdirected therapies and taxane chemotherapies; whereas, AR-V7-positive to negative reversions were observed solely with taxane chemotherapies [45] . Conversions may reflect adaptive induction of and reliance on AR-V7 to maintain AR-axis signaling, while reversions may reflect some disinhibition of canonical AR-signaling and thereby reduced pressure for AR-V7 expression [45] . AR-V7 reversions after taxane chemotherapy may present a unique opportunity for benefit from re-treatment with enzalutamide or abiraterone, although confirmation of this hypothesis is awaited. At this time, the clinical significance of AR-V7 transitions remains unclear.
Some potential therapeutic strategies to overcome AR-Vmediated resistance are listed in Table 1 . These include drugs that target and degrade all AR protein (including AR-Vs; e.g., galeterone), agents that inhibit the AR-NTD (e.g., EPI-506), and epigenetic therapies that interfere with AR transcriptional activity (e.g., bromodomain/BET inhibitors). Moreover, combinatorial immunotherapy strategies (e.g., ipilimumab plus nivolumab) may be a fruitful approach in AR-V-expressing patients.
Glucocorticoid Receptor Induction
Another proposed mechanism of resistance to androgen-axis therapies involves upregulation of the GR. The GR may be able to substitute for the AR in various circumstances, binding to AREs and other promoter elements to sustain cell survival [9••] . These two steroid receptors have overlapping transcriptomes, potentially allowing proliferation signals to bypass the AR in patients being treated with enzalutamide or apalutamide [9••] . Of the tissues analyzed in one study, GR mRNA levels were 27-fold higher in enzalutamide-and apalutamide-resistant tumors compared to control [9••] .
In vivo, cells expressing high levels of GR were resistant to treatment with enzalutamide and grew aggressively; whereas, LNCaP cells (which express low levels of GR) showed minimal growth [9••] . By knocking down the GR with shRNA, tumor growth was significantly delayed in this previously drug-resistant mouse model [9••] . Concordant results were also seen when assessing human bone marrow biopsies by immunohistochemistry in enzalutamide-treated patients, with GR-positive patients being less likely to have a durable response to therapy [9••] . These data might also imply that enzalutamide should not be given together with corticosteroids, which may be capable of further agonizing an upregulated GR in this setting. Intriguingly, a hypothesis-generating post hoc analysis of the AFFIRM study (which allowed treating physicians to use concurrent steroids, if desired, together with enzalutamide) suggested that enzalutamide produced inferior PFS and OS when combined with steroids [46] .
Another hypothesis suggests that GR is negatively regulated by AR, meaning that AR inhibition automatically leads to GR upregulation. ChIP analysis in one study confirmed that an ARE regulates the expression of GR, leading to more questions regarding the high levels of GR in enzalutamide-resistant cells [47] . However, clinical studies have shown PSA reductions in response to dexamethasone and other steroids (GR agonists) [48] [49] [50] [51] . This responsiveness may also indicate that PSA levels are not regulated by the GR. To further clarify the GR landscape, a study using dexamethasone in patients developing acquired resistance to enzalutamide is currently underway, and will allow re-treatment with enzalutamide after a period of dexamethasone therapy (NCT02491411; Table 1 ). Conversely, another trial is analyzing the use of a GR antagonist, mifepristone, in combination with enzalutamide, to block both signaling pathways concurrently (NCT02012296; Table 1 ). Further studies must be done to show the importance of the GR in maintaining tumor cell populations and inducing proliferation in CRPC. If shown to be a driving force behind drug-resistance to enzalutamide or other novel hormonal agents, the GR has the potential to be therapeutically targeted in combination with other AR-directed strategies.
Progesterone Receptor Activation
The PR also shares significant homology with the AR, especially in the DBD (>80 % identity in this region). Therefore, it is also possible that PR (like GR) may become induced during androgen ablation, thereby restoring expression of ARregulated genes [52, 53] . In one study, PR was detected using immunohistochemical staining in about 30 % of mCRPC biopsy specimens [54] , and preliminary clinical data from another study suggest that activated (nuclear) PR may be associated with development of castration-resistance [55] . While the role of PR in castration-resistant progression admittedly remains unclear, a phase I/II study is currently being conducted using the oral PR antagonist, onapristone, in men with abiraterone-or enzalutamide-refractory CRPC (NCT02049190; Table 1 ) [56] . In that study, all patients will undergo baseline tumor biopsies to evaluate activated PR using an analytically validated immunohistochemical assay.
Androgen/AR-Independent Mechanisms
While the androgen/AR pathways are important in understanding progression on novel hormonal therapies, many other resistance mechanisms have also been implicated ( Fig. 1 ; Table 2 ). With the addition of modern androgen/AR-directed therapies to the treatment regimen, refractory prostate cancer can develop increasingly more mutations and lead to an aggressive and lethal phenotype. For example, neuroendocrine differentiation can result from the loss or mutation of tumor suppressors like Rb and/or p53 ( Table 2 ) [34••, 57] . PTEN is also a commonly lost tumor suppressor gene in prostate cancer, and its loss has been shown to drive metastasis ( [63] . Each of these pathways presents a potential therapeutic target for the future, and ongoing clinical trials will determine their clinical relevance moving forward. For a more detailed review of androgen/AR-independent mechanisms of escape, we refer the reader to several excellent recent reviews [64, 65] . DNA repair pathways have also emerged recently as a clinically relevant and exploitable avenue for therapeutic manipulation, and it is becoming increasingly understood that PARP enzymes may have a dual role in DNA damage repair and AR transcriptional regulation [66] . Since prostate cancer cells are rapidly multiplying, they need to upregulate DNA repair enzymes due to the constant stress of proliferation. A recent study showed that patients with defects in certain DNA repair enzymes (including BRCA1/2, ATM, Fanconi's anemia genes, and CHEK2) had an 88 % response rate to the PARP inhibitor olaparib [67••] . These results may lead to biomarker-driven precision medicine trials using biopsies to determine treatment selection. This study has led to a subsequent phase II trial in mCRPC patients who have failed taxane chemotherapy (NCT01682772; Table 1 ). As we begin to have a better understanding of this disease's underlying biology, we can develop more rational therapeutics and pragmatic clinical trials.
Conclusions
The resistance mechanisms behind androgen-axis therapies are numerous and our knowledge of them is ever expanding. New agents are entering clinical trials that hope to block ARsignaling even further than the compounds currently approved by the FDA. EPI-506, with its ability to bind the NTD of AR-FL and AR-Vs in the preclinical setting, is currently being tested in a phase I clinical trial (NCT02606123; Table 1 ). Galeterone has entered a pivotal phase III clinical trial in AR-V7-positive patients and may prove superior to enzalutamide in that population (NCT02438007; Table 1 ). In regard to the current therapies on the market, our best strategy may be to use biomarkers to determine a patient's ideal opportunity for responsiveness. However, even those patients with response to these therapies will develop progressive disease.
With this in mind, one new approach is to target pathways that are less variable and cannot be mutated in response to therapy, perhaps using immune-directed strategies. To this end, a biomarker-driven immunotherapy trial in prostate cancer is going to test ipilimumab (an anti-CTLA-4 antibody) combined with nivolumab (an anti-PD-1 antibody) in AR-V7-positive CRPC patients (NCT02601014; Table 1 ). The hypothesis is that the cancers from these patients will have higher mutational burden and will respond better to therapies that help the immune system recognize self from non-self (i.e., cancer). If successful, this trial could change the prostate cancer landscape from that of novel hormonally targeted therapies to one of immunotherapies. Immunotherapy has been successful in many other cancer types, and remains the only systemic therapy that can produce lasting responses after treatment has been completed.
In conclusion, treatment selection using androgen-axis modulators should ideally be guided by biomarkers, including AR-Vs and AR mutations as well as others. The use of such biomarkers (whether derived from biopsies, CTCs, or circulating nucleic acids) promises to play a critical role in determining which patients will respond best to certain therapies. Only by further prospectively validating these biomarkers in the clinic and developing new ones can we create a superior experience for prostate cancer patients.
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